Abstract-With the rapid development of wind energy technologies and growth of installed wind turbine capacity in the world, the reliability of the wind turbine becomes an important issue for wind turbine manufactures, owners and operators. The reliability of the wind turbine can be improved by implementing advanced fault detection and isolation schemes. In this paper, an observer-based fault detection and isolation method for the cooling system in a liquid cooled frequency converter on a wind turbine which is built up in a scalar version in the laboratory is presented. A dynamic model of the scale cooling system is derived based on energy balance equation. A fault analysis is conducted to determine the severity and occurrence rate of possible component faults and their end-effects in the cooling system. A method using unknown input observer is developed in order to detect and isolate the faults based on the developed dynamical model. The designed fault detection and isolation algorithm is applied on a set of measured experiment data in which different faults are artificially introduced to the scaled cooling system. The experimental results conclude that the different faults are successfully detected and isolated.
I. INTRODUCTION
Wind energy is one of the world's fastest growing renewable energy forms. According to the Global Wind Energy Council (GWEC) report ( [1] ), 2009 had the highest installation of wind power with more than 38 GW of power added which reaches an annual growth of 31.7%. This brings the cumulative installation capacity of wind power to more than 158.5 GW. Wind energy therefore contributes significantly to the world's power production. In the same time, new technologies and designs are being incorporated in the contemporary wind turbines. The power level of the wind turbine has increased from kilowatt (kW) level to megawatt (MW) level since last two decades. Today, the wind turbines contain a variety of complex systems and they needed to be shut down due to failure or malfunction of a minor component. The maintenance personnel has to take an unscheduled maintenance for repairing or replacing the failure component. Consequently, the operation and maintenance (O&M) costs of the wind turbines will increase significantly due to the unscheduled maintenance. In order to reduce O&M costs, improve the reliability of the wind turbines and avoid unscheduled maintenance, advanced fault detection and accommodation schemes will be taken into Surface area of phase module i A 1 Surface area of zone 1 of each phase module A 2 Surface area of zone 2 of each phase module A 3 Surface area of zone 3 Outlet water temperature of air cooled heat exchanger T pm,i
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Inlet mass flow of power module from phase module i m ps,out Outlet mass flow of power module q Flow rate of refrigerant in the cooling system ρ Density of fluid λ A heat conductivity coefficient account to applying for the critical components in the wind turbines. Some research works have been performed on fault detection, isolation and accommodation for wind turbines: in [2] an observer based scheme for detecting different sensor faults in pitch system was described. An unknown input observer was designed for the purpose of detecting sensor faults for the drive train in wind turbines as presented in [3] . A benchmark model was proposed for implementing fault tolerant control to wind turbines in [4] . For doubly fed induction generator (DFIG), a current sensor fault detection and reconfiguration scheme was described in [5] , and in order to detect voltage sensor fault, a fault detection and reconfiguration scheme was presented in [6] . For detecting different kinds of faults in power converter in wind turbines, a field programmable gate array (FPGA)-based real-time fault diagnosis scheme to power converter was proposed in [7] , and a fault tolerant control strategy for active power filter in power electronic converter was designed in [8] .
In order to control output power quality of wind turbines, perform reactive power compensation to wind turbine generator and smooth grid connection of wind power, frequency converters are used on the most of the contemporary MW class wind turbines. For wind turbines equipped with frequency converter, one of the key components in the frequency converter is the power module, which is composed of power semiconductor devices, e.g. insulated gate bipolar transistors (IGBT). The power dissipation of these kinds of power semiconductor devices will increase significantly with the increase of their temperature. Therefore, power module cooling becomes an important issue of frequency converters in wind turbines. For cooling the power module, two approaches are currently used: liquid cooling and air cooling. Based on the comparison of these two kinds of cooling solutions, liquid cooling can be a preferable cooling system solution for frequency converters, since it results in a more controllable system, can increase placement flexibility and obtain a higher efficiency, and is insensitive to environment. However, liquid cooled frequency converters are more sensitive to components faults in the cooling system and complex in their design. Consequently, the reliability of the cooling system in liquid cooled frequency converter becomes an important issue for implementing this kind of frequency converter.
As have been investigated, there is no research works have been focused on fault detection for cooling system in liquid cooled frequency converter on wind turbine, but the several research projects about applying fault detection on similar applications have been carried out e.g. refrigeration system: in [9] , an expert system was designed for a fault detection and diagnosis system of refrigeration process in a hydraulic power plant. In order to detect different components faults in commercial coolers and freezers, a decoupling-based fault detection and diagnosis method was presented in [10] . An online failure diagnosis system for compression refrigeration plants was developed in [11] . An online sensor-fault detection, diagnosis and estimation strategy for centrifugal chiller systems was described in [12] . In order to detect faults in centrifugal chiller systems, a model-based online fault detection and diagnosis strategy was developed in [13] .
From the present industrial application is known that, in the current manufactured liquid cooled frequency converters, the implemented fault detection and accommodation schemes for cooling system are most often conservative. Therefore, a potential realistic solution of ensuring the high reliability of the cooling system in liquid cooled frequency converter is to introduce advanced fault detection, isolation and accommodation methods. Through using advanced methods, wind turbines can reduce downtime and still produce power with a power limitation even though there are some faults in the wind turbines.
In this paper, an observer-based fault detection and isolation (FDI) scheme is designed for detecting and isolating faults in the cooling system in a liquid cooled frequency converter on wind turbine application. The designed FDI scheme is mainly based on the principle of optimal unknown input observer which is an innovative application on liquid cooled frequency converter in wind turbine.
Lots of research on observer-based fault diagnosis have been carried out, including: [14] , [15] , [16] , [17] , [18] , [19] and [20] for the last 20 years. In order to use observer-based fault diagnosis method, a mathematical model for the supervised system which can be used to represent dynamics performance of the system should be developed at first, and subsequently, a fault residual will be generated by employing the developed model and measurement from the monitored system. Through using the developed accurate model of the system, the reliability and correctness of the FDI system can be achieved. However, in practice, the monitored system can be easily affected by disturbances and modelling errors. Considering the cooling system for the power module in the liquid cooled frequency converter, it is found that the temperature of phase module in the power module can be affected by the ambient temperature. The ambient temperature is normally affected by different kinds of components which are placed in the nacelle of the wind turbine, such as generator, gearbox and motors. Except for the ambient temperature, there also exists modelling errors when developing the mathematical model for the cooling system. The main causes of the modelling errors can be represented by two aspects. The first aspect is the thermodynamics performance of the cooling system. In order to develop the thermodynamic model of the cooling system, some necessary simplifications and ideal assumptions should be made. The second aspect is the nonlinearity of the cooling system. Linearization of the developed thermodynamic model is required when designing the FDI scheme. Therefore, in order to guarantee the robustness of the FDI scheme with respect to disturbances, the unknown input observer, which was shown by the research in [21] and [22] , can be considered as a solution to design a disturbance de-coupled residual generator. For the modellig errors, they can be represented approximately as unknown disturbances which were already investigated by the research in [23] and [24] , so that the robustness of the FDI scheme with respect to the modelling errors can be guaranteed. However, besides of the modelling uncertainty (including both unknown disturbances and modeling errors), the system also suffers by noise. Consequently, an optimal unknown input observer, which can give disturbance de-coupling minimum variance state estimation for noise and disturbances as stated in [25] , will be used to design the FDI scheme for the cooling system.
The paper is organized as follows. Section II gives an overview of the liquid cooled frequency converter test setup, a dynamic model is developed for the cooling system in the setup and a fault analysis for the cooling system is presented. In Section III presents a FDI algorithm for the cooling system, for which an optimal unknown input observer is designed.
Section IV describes the test experiments for the designed FDI algorithm, and conclusion and future works are stated in Section V.
II. PROBLEM FORMULATION

A. System Description
The main components and structure of a liquid cooled frequency converter used for wind turbines are shown as Fig.  1 . According to the functions of the main components in the liquid cooled frequency converter, it can be divided into two parts, a power electronics unit and a cooling system unit, as shown in the dashed line zone in the figure.
From Fig. 1 , it is known that the power electronics unit is composed of a power electronics control unit, a power module and a number of temperature sensors. The power electronics control unit receives control reference to the power module from the wind turbine main controller and send back measurement data to the wind turbine main controller. The power module consists of a series of phase modules, which can be used to transfer input power into output power according to control demand from the power electronics control unit. The temperature of the phase module is measured by the temperature sensor. The cooling system unit in the liquid cooled frequency converter consists of different components, including power module cooling element, valves, pump, heat exchanger unit and sensors. The main function of the cooling system unit is to keep the temperature of the phase module in the power module under a given reference temperature value when the frequency converter is operating.
In order to simulate the entire liquid cooling system unit of a frequency converter, a scale test setup is built at Aalborg University, Denmark. The scale test setup in Aalborg University is shown as Fig. 2 . The test setup is composed of three parts, control computer, I/O unit and cooling system. A PC with MATLAB and LabVIEW is used as control computer to control the cooling system in the test setup. National Instrument USB-6259 data acquisition board is selected as I/O unit in order to collect data from sensors and control supply voltage to fan, pump and power module. The configuration diagram of the cooling system in the test setup is shown as Fig. 3 . The cooling system contains different components, such as power module, air cooled heat exchanger, pump, valves, pipe and different kinds of sensors which include temperature sensor, flow meter and pressure sensor.
In the test setup, water is used as cooling liquid instead of a special liquid which is normally used in the liquid cooled frequency converter. An air cooled heat exchanger is used to refrigerate water and remove heat from the water which is generated by the power module. The supply voltage of the fan in the air cooled heat exchanger can be controlled from 0 to 5 [V ], as different rotation speed of the fan can be achieved. A centrifugal pump is used to circulate the water in the system. Two valves are installed, one valve is installed in front of the pump in the flow direction, which can be used to control the inlet flow to the pump, another valve is installed after the pump, which can be used to control outlet flow from the pump to the air cooled heat exchanger and the power module.
In order to measure the pressure, flow rate and temperature in the test setup, a series of sensors is installed. The position of these sensors is shown in Fig. 3 . The function of these sensors is summarized in Table I The temperature of inlet and outlet water for the power module are measured with temperature sensors which are installed at the inlet and outlet side of the pipe close to the power module. The temperature sensors measuring the temperature of phase modules are mounted in the middle of each phase module. The flow meter is used to measure the inlet flow rate of the power module. The pressure sensors are mounted at the inlet and outlet side of the power module in order to measure the pressure difference across the power module.
In the real liquid cooled frequency converter, IGBT is used as phase module, however, in the test setup, in order to simulate the heat which is generated by the IGBT phase module, resistors are used instead of the real IGBT phase module. The supply voltage to the power module can be controlled, so that the input power to the power module can be in the range from 0 to 1800 [W ] . The configuration diagram of power module in the test setup is shown in Fig. 4 (a) , P1, P2 and P3 represent the resistors which are used to simulate the IGBT phase module. From the view of direction A, shown as Fig. 4 (b) , it is known that the power module consists of four components, phase module, aluminium plate, phase module cooling channel plate and power module basement. These four components are integrated together as shown in the figure. The plots of these four components in the power module are shown as Fig. 4 (c) . Fig. 4 (c.1) illustrates basement of the power module. There are inlet and outlet chambers in the basement. These two chambers are separated by a wall. By using this design, the cooling water can be forced to pass through phase module cooling channel plate, so that a good cooling effect can be provided to the phase module and aluminum plate. Fig. 4 (c.2) demonstrates the phase module cooling channel plate. It contains lots of small channels, which cooling water can pass through and be used to remove the heat on the aluminum plate. Fig. 4 (c.3) shows mounting structure of the phase module on the aluminum plate, the resistors are mounted evenly as phase modules on the aluminum plate. The assemble sequence of these four components in power module is shown in Fig. 4 (c) as the numbered dashed line. 
B. System Modeling
From the thermodynamics and working principle of the cooling system, it is known that there exists heat energy transfer phenomenon in the cooling system. According to Fig.  1 and Fig. 3 , it is known that the input power of phase module can be considered as the input heat energy of the cooling system. The temperature of phase module will vary due to different input power to the phase module. In order to remove the heat on the phase module which caused by the input power, the phase module is cooled down by the water in the phase module cooling channel. Therefore, the temperature of cooling water in the phase module cooling channel will also be changed. The water flows out from the power module will be circulated back to the power module by passing through a heat exchanger, where the water will be cooled down. Consequently, in order to describe the total thermodynamics performance in the cooling system unit, the following models should be developed, a model describing the dynamics of temperature variation of phase module due to the input power; a model representing the dynamics of power module outlet water temperature; a model describing the dynamics of power module inlet water temperature. The block diagram of the models that can be used to illustrate the thermodynamics performance in the cooling system unit can be shown as Fig. 5 .
The necessary simplifying assumptions for developing the dynamic model in the fault free situation for the cooling system unit as follows: 1) Temperature is an uniform temperature over the entire aluminum plate in the power module. 2) Heat energy flow from phase module to ambient air can be omitted compared with heat energy flow to cooling water. 3) Heat exchanging between cooling water, valves, pump and pipe are omitted. 4) Water in the system is incompressible. 5) Water in power module outlet chamber is a well mixed of water from three phase module cooling channels. 6) Each phase module has the equivalent surface area. 7) The input power of power module is evenly distributed on the three phase modules (P in (t) = 1 3 · P total (t)).
1) Model of Phase Module Temperature:
From the view of thermal energy, the input power to the phase module in the liquid cooled frequency converter can be considered as heat energy. This heat energy can be convected with the cooling water which flows through the phase module cooling channel under each phase module and the ambient air. According to the assumption, the convection between the phase module and the ambient air is neglected. The dynamic model of heat energy correlation between each phase module and the cooling water can be considered as:
According to the Newton's law in thermodynamics, the rate of heat loss for an object is proportional to the difference in temperatures between the object and its surroundings, therefore, the expression of the energy flow from phase module to the cooling water can be shown as:
By using the relationship between the Nusselt's number, Reynold's number and Pradtl's number, as stated in [26] , and combining the expression of these three numbers, the expression for h in (2) can be obtained as:
where:
By substituting (3) into (2), the (2) can be rewritten as:
The dynamic model of heat energy flow from the phase module to the cooling water can be expressed as:
By rearranging (6), the dynamic model of phase module temperature can be finally expressed as:
From the experiment, it is known that the water temperature in the phase module cooling channel will increase with the length from the inlet side to outlet side. Therefore, the cooling channel of each phase module can be divided into three zones horizontally and there exists heat transfer between each zone. In Fig. 6 , dashed line shows the zonal division for cooling channel of phase module 3, for cooling channel of phase module 1 and 2, the same zonal division is used.
The water temperature T w,i in (7) can be expressed as the mean of water temperature from three zones, which can be expressed as:
2) Model of Power Module Outlet Water Temperature:
The dynamic model of power module outlet water temperature represents the dynamics of the water temperature in the power module outlet chamber. In order to derive this temperature model, the dynamic model of outlet water temperature for each phase module is considered at first.
The energy balance expression for the outlet water of each phase module can be shown as:
Through inserting the expression of mass flow and (3), and rearranging (9) temperature of each phase module can be expressed as:
Because the cooling channel for each phase module is divided into three zones, based on the expression (10), the expression of cooling water temperature for each zone in each phase module cooling channel can be expressed as:
As shown in Fig. 6 , it is known that the power module is composed of three phase modules, and according to the assumption, the water in the power module outlet chamber is a mixture of water from the three phase module cooling channel outlets, therefore, the dynamic model of power module outlet water temperature can be expressed as:
By inserting the expression of mass flow and rearranging the expression of (15), the expression for power module outlet water temperature can be expressed as:
3) Model of Power Module Inlet Water Temperature:
The power module inlet water temperature will be considered since it can be used to illustrate the heat energy dynamic performance of power module inlet water. In order to derive the dynamic model of power module inlet water temperature, the dynamic model of air cooled heat exchanger will be considered first.
The energy balance of the air cooled heat exchanger can be expressed as:
According to the assumption, the heat exchanging in pipe, valve and pump are omitted, therefore, the relationship between inlet water temperature of the power module, outlet water temperature of the power module, inlet water temperature of the air cooled heat exchanger and outlet water temperature of the air cooled heat exchanger can be expressed as:
Through substituting (18) into (17), inserting the expression of mass flow, and rearranging the expression (17), the dynamic model of power module inlet water temperature can be described as:
After developing the three dynamic models that can be used to illustrate the energy transfer phenomena happening in the cooling system, the dynamic model of the cooling system can be summarized and expressed by using (7), (11), (12), (13), (16) and (19) . A linear model is formed through using a Taylor series approximation, which is described in [27] , on the finalized nonlinear model. The linearized model is subsequently discretized by using the z-transform as illustrated in [28] and transformed into a state-space representation with states, inputs, outputs, disturbances and noises, which can be shown as:
where a given signal o is linearized byō = o -o o , o o is the operation point of o. d t (n) represents not only the additive disturbances, but also the modelling uncertainties due to linearization. w(n) is the normal distributed process disturbances, v(n) is the normal distributed measurement noises. The system matrices are shown as from (25) to (28) .
However, it is known that the main nonlinearities of the system are of a bilinear nature, caused in particular by the products of temperature and flow in several subsystems. As a consequence, especially close to small flows, the dynamics of the overall system change rapidly. Due to this, it can be necessary to employ a gain-scheduling approach if linear techniques such as the proposed in this paper are applied. Thus, the development in the remaining part of the paper should be seen as a design instance for one gain-scheduling cell. Due to considerations of limitation of space and brevity of exposition, a full gain-scheduling approach is not elaborated in this paper, as the design of such is rather straight-forward.
C. Parameter Estimation and Model Validation
Some parameters in the developed dynamic model are estimated by using SENSTOOLS ( [29] ) in MATLAB. SEN-STOOLS uses the Gauss-Newton algorithm to minimize the squared residuals found as the difference between the data obtained by measurement on real system and calculated from a simulation model.
The parameters which needed to be estimated are M pm , K h , λ , M w , M pmw,out and M psw,out . The responses of the models are compared with measurements. Fig. 7 shows the comparison between the models and measurement for the temperature of phase module. Fig. 8 presents the comparison between the models and measurement for the temperature of power module outlet water and inlet water. The measurement data is sampled with sample frequency at 10 [Hz]. From these plots, it can be seen that the responses from the models are quite similar to the dynamic changes as the measurements showing. Consequently, it can be concluded that the developed model can be well suited for the system behavior.
D. Fault Analysis
In the following, an analysis of possible faults in a liquid cooled frequency converter is presented. The purpose of the analysis is to identify different faults and their effects on the behavior of the liquid cooled frequency converter. The following analysis can be divided into three parts:
• Fault Propagation Analysis: An analysis of the faults propagation through out the liquid cooled frequency converter for determining the end-effect.
• Fault Assessment: An assessment of the identified faults in the fault propagation analysis for determining their occurrence and severity.
• Fault Specification: An specification of the identified faults in the fault assessment analysis.
1) Fault Propagation Analysis:
The Failure Mode and Effect Analysis (FMEA) is selected as a tool to make fault propagation analysis for both the cooling system unit and the power electronics unit in the liquid cooled frequency converter. The FMEA is originally developed by reliability engineer for analyzing components in a system for possible failures, failure causes and effects as described in [30] . By using FMEA analysis, a set of tables including information about failure modes, reasons and effects can be achieved for the analyzed components.
The FMEA scheme for the cooling system unit is shown in Fig. 9 , which illustrates the fault propagation in the cooling system unit. From the analysis, it is noticed that the faults in the cooling system unit can result in a flow variation as end-effect. Fig. 10 is FMEA scheme for the power electronics unit, from the analysis, it can be known that the faults in the cooling system unit can propagate into the power electronics unit, which eventually can cause phase module temperature changing.
From the above FMEA analysis, it can be concluded that the end-effect in the cooling system unit is a flow rate variation. Because of the flow rate variation, the cooling capacity of the phase module will be directly affected, whereas the end-effect in the power electronics unit is temperature variation of the phase module.
2) Fault Assessment: A severity of end-effect and occurrence analysis is considered after the FMEA analysis. The result of the fault assessment analysis is used to determine which faults should be taken into account for FDI system. Faults are classified based on their likelihood of occurrence and severity of their end-effect on scales. These can be combined in the Severity Occurrence Index (SOI), which is obtained through multiplication of the severity and occurrence values ( [31] ). The idea of the classification is that faults with the highest SOI should be paid attention to the highest priority.
In order to carry out the occurrence and severity analysis, definitions of occurrence and severity are described firstly. Occurrence refers to the happening probability of a fault and is quantified on a scale from 1 (Low) to 4 (Very high). The occurrence scale of failure in the liquid cooled frequency converter is defined in Table II with the consultation from [32] . For wind turbine industry, the statistics about the distribution of failures in Denmark, Germany and Sweden can be found in [33] and [34] . Severity is the potential harm effects of the faults which inflict on the system. The severity level of different faults in the liquid cooled frequency converter is provided in Table  III which the effect of the faults varies from 1 (None) to 9 (Hazardous) according to the description in [32] .
After defining the occurrence scale and severity level of the faults in the liquid cooled frequency converter, the severity and occurrence analysis for the cooling system in the liquid cooled frequency converter is carried out. According to the occurrence time of faults in the cooling system, the faults can be divided into two categories, start up faults and run time faults. The start up faults refer to the faults occurring in the cooling system during the self-test phase of the liquid cooled frequency converter when it begins at start up. The run time faults refer to the faults occurring in the cooling system during the period when wind turbine is in operation.
The severity and occurrence analysis result of the cooling system both at start up phase and run time period is shown as Table IV . In this table, the value for both the severity and the occurrence of the different faults are described. The SOI is found by the value of the severity and occurrence of the faults. The priority of the different faults is determined according to the value of the SOI. 
3) Fault Specification:
The purpose of the fault specification is to specify which faults will be considered according to the analysis result of fault assessment. The criterion for selection is, the faults can be artificially introduced to the test setup, so that the designed FDI algorithm can be tested. Table V depicts the faults that will be considered in this paper. In the paper, for start up faults, the faults that can happen in the power module cooling element are considered. The faults include air in cooling system and phase module cooling channel clogging. Air in cooling system fault means that air is present in the inlet chamber of power module. This fault can be caused by changing cooling water of the cooling system. The phase module cooling channel clogging fault refers to the cooling channels under phase module are clogged due to solid particles in the cooling water. For run time fault, pump delivery pressure decreasing, pipe clogging, air cooled heat exchanger cooling effect decreasing and temperature sensor defect fault are considered. The other faults are not considered in the current research due to the hardware constraints in the test setup.
III. FAULT DETECTION AND ISOLATION
In this section, a FDI scheme is proposed and applied for detecting faults in the cooling system of the liquid cooled frequency converter.
A. Fault Detection
The observer scheme for detecting the faults in the cooling system is designed first. In order to detect the start up faults in the cooling system, active fault detection method is considered and auxiliary signals for active fault detection are designed. 
1) Optimal Unknown Input Observer:
The optimal unknown input observer which is described in [25] is selected for designing the FDI observer. The optimal unknown input observer can be used to estimate states in the system which suffers unknown inputs and noise. Given the state-space model expression for the cooling system at discrete time state with unknown disturbances and noise as
An optimal unknown input observer with the following form can be derived.
x t (n + 1) = z t (n + 1) + H n+1 y t (n + 1) (
As described in [35] , the basic idea of the optimal unknown input observer is to eliminate the dependency of the unknown input disturbance from the estimation error by matrix transforms and design a Kalman estimator for the transformed system. The advantage of using this kind of observer is, the estimator gain is recomputed at every sample time, so that the linear model matrices can be updated corresponding to current state values. The schemes for computing the matrices in the optimal unknown input observer can be seen in [25] and also can be found in the Appendix.
2) Active Fault Detection Auxiliary Signals: As specified in the section of fault specification, the faults that occur in the cooing system of the liquid cooled frequency converter can be classified into two categories, start up faults and run time faults. In order to detect start up faults, active fault detection approach as described in [36] , is considered. The reason for using active fault detection approach for detecting start up faults is, the wind turbine is not in operation when the frequency converter is in the start up phase, the frequency converter takes self-test procedure for preparation to start up of the wind turbine.
One of the critical issues for implementing active fault detection approach is to design a 'reasonable' auxiliary signal as illustrated in [36] . From the control principle and structure of the cooling system in the liquid cooled frequency converter, it is known that there are three signals which can be controlled, input power of power module P total , flow rate of refrigerant in the cooling system q and supply voltage of fan in the air cooled heat exchanger V fan . Therefore, the auxiliary signals used for active fault detection will be selected from these three available signals.
Based on investigations, it is found that the temperature of phase module is affected by the two start up faults, when the flow rate in the system is set to be zero in the start up fault situation. It can be found that the thermal time constant of the top phase module (phase module 1) in the power module will decrease by comparing with the other two phase modules, when air in cooling system fault is introduced in the system by introducing air only in the top part of inlet chamber of power module. However, the thermal time constant of the top phase module (phase module 1) will keep the same value as the other two phase modules, when the phase module cooling channel clogging fault is introduced in the cooling channel of phase module 1. The reason of this phenomenon can be explained as the forced convection is between the air and aluminum plate when air in cooling system fault is presented in the system. However, the convection is between water and aluminum plate when phase module cooling channel clogging fault is presented in the system. Because the flow rate is set to be zero and the aluminum plate can only have convection with the cooling water under the aluminum plate, the thermal time constant of the three phase modules will have the same value. Consequently, the first auxiliary signal for detecting air in cooling system fault is chosen to be a flow rate of zero and a constant input power of power module at 1570[W ]. The 1570[W ] is selected based on consideration of heating capacity constraint of power module in the test setup.
As the first auxiliary signal has been determined, it is possible to detect air in cooling system fault, the second auxiliary signal must be designed to exalt the system such that the phase module cooling channel clogging fault can be detected. From the experiment, it can be concluded that the temperature of phase module with cooling channel clogging fault will increase faster than other phase module without channel clogging fault when a power input is applied and there exists moving flow in the cooling system. Therefore, it is chosen the auxiliary signal with a flow rate of 5 [ Considering the testing time of the auxiliary signals for detecting two different start up faults, it is known that the frequency converter self-test can take several minutes in the wind turbine, therefore, the lasting time of the auxiliary signals can be several minutes, for example, 250s.
The auxiliary signals of active fault detection for different start up faults can be summarized in Table VI .
Fault Type
Auxiliary Signal Time 
B. Fault Decision
In the fault decision stage, the generated residuals are evaluated and decision rules are applied to determine if any faults have occurred in the system. In practical situation, residuals are seldom generated perfectly robust due to parameter uncertainty, disturbance and noise. Therefore, it is also necessary to provide robustness in the decision making phase in order to overcome model uncertainty and unknown disturbances, reduce false alarm and minimize missing alarm.
As described in [20] , there exist two residuals evaluation strategies, the statistic testing strategy and norm based strategy. From the experiments, it was noticed that the residual signal magnitude is affected by the noise. In [37] , it is illustrated that residual evaluation is typically answerable to statistical approach, because the main advantage of this approach is its ability in assessing the level of significance of the discrepancies such as noises and uncertainties. In [38] , several different algorithms among the statistic testing approach are introduced, including Shewhart's chart, geometric moving average control chart (GMA), finite moving average control chart (FMA), cumulative sum (CUSUM) algorithm and Bayes algorithm. From the former research works carried out by [37] , [38] , [39] and [40] , it can be found that CUSUM algorithm can minimize the mean delay to detection for a given probability between false alarms [37] , it can be considered as an optimal algorithm in statistical testing strategy. Therefore, the CUSUM algorithm as described in [38] is considered to evaluate the residual signal which is affected by the noise.
The CUSUM algorithm is based on the log-likelihood ratio, which can be used to measure the likelihood of two different hypotheses H 0 and H 1 which can be described by the parameter i.e. µ with expression as:
These hypotheses can be solved by using a recursive algorithm of the following form:
where g 0 = 0. The interpretation of the variable g k in the hypotheses H 0 and H 1 is given by the decision signal f d ,
where r t is a predefined threshold value. For the purpose of evaluating the residual signal through CUSUM algorithm in the designed FDI scheme for the cooling system, it is assumed that the residual signal is normal distributed which means that the distribution of the signal can be represented as:
where µ is the mean of the residual signal, σ is the variance of the residual signal. Consequently, it can be deduced that µ = µ 0 , i.e. µ 0 = 0, represents no fault situation, whereas µ = µ 1 represents fault situation. It is also assumed that the variance of the residual signal is known and does not change due to different kinds of faults, which means that the variance of the residual signal in (35) is constant and known with respect to both fault situation and fault free situation. According to the above two assumptions, the expression for calculating loglikelihood in CUSUM algorithm can be given as:
The signal g k in the recursive algorithm is bounded from below by 0 and from above by r t , which results in the following algorithm for g k :
There are different types of faults that can occur in the system as specified in Table V, so that the residual signal of different faults will be evaluated by using different threshold values. The fault decision will be made according to the result of the residual evaluation.
C. Fault Isolation
The successful detection of a fault is followed by fault isolation stage, which individual fault can be distinguished from the other faults. The purpose of fault isolation is to secure the residual set can isolate all faults. All the faults which are considered in the current research in the cooling system can be categorized as actuator fault, process fault and sensor fault, which is depicted in the Table VII . Therefore, different fault isolation methods will be considered according to the fault category in Table VII 
1) Fault Isolation of Process Fault:
The process fault in the cooling system refers to the following three faults, pipe clogging fault and two start up faults, including air in cooling system and phase module cooling channel clogging fault. Because pipe clogging fault and the two start up faults can not occur simultaneously, the pipe clogging fault and two start up faults can be easily isolated. For isolating the two start up faults, two different sets of auxiliary signals will be implemented at active fault detection approach. Therefore, the auxiliary signals and the residual signals of the FDI scheme can be used to isolate the two start up faults.
2) Fault Isolation of Actuator Fault: The actuator fault in the cooling system refers to pump delivery pressure decreasing fault and air cooled heat exchanger cooling effect decreasing. In the current experiment, in order to obtain the maximum cooling effect, the rotation speed of the fan in the air cooled heat exchanger will be operated at the maximum speed when there is no fault on the fan. In order to simulate the air cooled heat exchanger cooling effect decreasing fault, the fan speed will be operated at less than the maximum speed. From the analysis, it is founded that the pump delivery pressure decreasing fault and the air cooled heat exchanger cooling effect decreasing fault can cause the temperature of power module inlet water to change in opposite directions. The pump delivery pressure decreasing fault can cause the temperature of power module inlet water to decrease. This can be explained as the cooling time for water in the air cooled heat exchanger is prolonged due to lower flow rate at the pump delivery pressure decreasing fault situation. For the air cooled heat exchanger cooling effect decreasing fault, the rotation speed of the fan is reduced in the fault situation. The cooling capability of the air cooled heat exchanger will decrease, so that the temperature of power module inlet water will increase. The residual of the temperature of power module inlet water will diverge when these two faults occur, therefore, this propriety of residual signal can be used in fault isolation stage.
3) Fault Isolation of Sensor Fault: The sensor fault in the cooling system refers to temperature sensor defect fault. In order to isolate sensor defect fault, a generalized observer scheme, which can be seen in [20] , is designed for the fault isolation.
IV. EXPERIMENTS AND RESULTS
The designed FDI scheme is subsequently applied to two different groups of data, sampled at the test setup when start up faults and run time faults are introduced. All the data are sampled with a sample frequency of 10 [Hz] . The output of the decision algorithm is binary, where a value of 1 indicates that a fault has occurred and 0 indicates a fault free operation.
A. Experiments and Results for Start up Faults
The first start up fault implemented on the system is air in cooling system fault. In order to introduce this fault into the system, cooling water in the cooling chamber of the top phase module (phase module 1) is removed, which means that phase module 1 will be cooled by the air instead of the water. The designed auxiliary signals for active fault detection, q = 0 [m 3 /s] and P total = 1570 [W] as described in the Table VI, are applied on the test setup during the experiment. Fig. 11 shows the measurement of temperature for different phase modules during the experiment. From the figure, it is found that the temperature of phase module 1 increases faster than the other two phase modules due to there exists air in the cooling chamber of phase module 1.
The temperature of phase module 1 is used to generate residual signal for detecting the air in cooling system fault. The residual signal for this fault is shown as Fig. 12 . In Fig.  12 , the residual signal can overcome the threshold value, so that the decision can be made. The experiment concluded that the air in cooling system fault can be detected by the designed FDI scheme through using the designed auxiliary signals for active fault detection .
The next experiment is to introduce phase module cooling channel clogging fault in the test setup. The designed FDI scheme and auxiliary signals will be tested in the experiment. Table VI are implemented on the system. The temperature variation of different phase modules during the experiment is shown in Fig. 13 . From the figure, it can be seen that the temperature of phase module 1 increases significantly faster than the other two phase modules when phase module cooling channel clogging fault happens in the phase module 1.
The temperature of phase module 1 is used to generate residual signal. The residual signal for detecting phase module cooling channel clogging fault is shown as Fig. 14 . From the result of the experiment, it is known that the phase module cooling channel clogging fault can be detected through using the designed FDI scheme and active fault detection auxiliary signal when the fault occurs.
From the above two experiments, it can be concluded that two start up faults can be detected by using the designed FDI scheme and active fault detection auxiliary signals. The following experiments are to test the FDI scheme for detecting run time faults when they happen in the test setup.
B. Experiments and Results for Run Time Faults
In the following experiments, different run time faults are implemented on the test setup of cooling system individually. The input power of power module is set to a constant value as 1570 [W ] .
The first run time fault implemented on the system is the pump delivery pressure decreasing fault. In order to introduce this fault, the flow rate in the cooling system is reduced compared with the nominal flow rate in fault free situation by setting the valve opening position. The temperature of power module inlet water is shown as Fig. 15 during the experiment. From Fig. 15 , it is known that the temperature of power module inlet water will decrease when the fault happens. The residual signal from the FDI scheme is illustrated in Fig. 16 .
From the result of the experiment, it is known that the pump delivery pressure decreasing fault can be detected by using the designed FDI scheme. Because of the hardware limitation in the test setup, the same valve is used to implement pipe clogging fault and pump delivery pressure decreasing fault, the pump delivery pressure decreasing fault and pipe clogging fault can not be introduced separately. However, from the above experiment, it can be concluded that the pipe clogging fault can also be detected by using the same FDI scheme as detecting pump delivery pressure decreasing fault in the test setup.
The second run time fault presented in the experiment is the air cooled heat exchanger cooling effect decreasing fault. This fault can lead to a degradation of the cooling effect of the air cooled heat exchanger. For introducing this fault into test setup, the rotation speed of the fan is reduced. The supply voltage to the fan is reduced 66% comparing with nominal supply voltage, which results in a decrease in the rotation speed of the fan. The temperature of power module inlet water during the experiment is shown in Fig. 17 . It is found that the temperature of power module inlet water will increase when the fault happens in the test setup. The residual signal of the FDI scheme is shown in Fig. 18 . From the result of the experiment, it is known that the air cooled heat exchanger cooling effect decreasing fault can be detected by using the designed FDI scheme.
The third run time fault implemented on the test setup is the temperature sensor defect fault. Sensor bias fault is considered currently for the cooling system since this kind of fault is one of the typical faults that can occur on the sensor. It is chosen only to show the result of introducing the bias fault on the temperature sensor of phase module 2 since the conclusions for the other sensors are identical. A bias fault at +5 • is introduced to the temperature measurements in phase module 2 in a period of 60s. Fig. 19 shows the temperature sensor output for different phase modules during the experiment. Fig. 20 illustrates the residual signal for temperature sensor of phase module 2 when a bias fault occurs on it since 60s. From the result of the experiment, it can be concluded that temperature sensor with bias fault can be detected by using the designed FDI scheme.
From the results of the above experiments, it can be concluded that pump delivery pressure decreasing fault, pipe clogging fault, air cooled heat exchanger cooling effect decreasing fault and temperature sensor defect fault can be detected. The summary of fault detection time for different faults in the cooling system is shown in Table VIII . From the results shown in the Table VIII, it is known that the detection delay time for the start up faults, air in cooling system and phase module cooling channel clogging, are 30.1s and 31.8s separately. With the consideration of wind turbine application, the detection delay times for these two start up faults are acceptable, since wind turbine normally will use several minutes to take selftest before it begins to operate. As illustrated in the Table VIII, the detection delay times for the run time faults, pump delivery pressure decreasing, pipe clogging and air cooled heat exchanger cooling effect decreasing are 47.7s, 47.7s and 32.5s for each of them. From the industrial application viewpoint, the detection delay time for these three run time faults are acceptable. However, it is preferable to have a shorter detection delay time for these three faults, since the temperature of the phase module can increase rapidly during the detection delay time and the high temperature may finally destroy the phase module. For temperature sensor with bias output fault, the detection delay time is 0.8s as shown in the Table VIII. The detection delay time for this kind of fault is acceptable for implementing in wind turbine industry.
For the operating points chosen in the experiments performed, the deviations between the underlying nonlinear model and the linearization were significant but not extreme. It turned out that the optimal filters designed based on the linearization of the nonlinear model achieved diagnostic results close to the anticipated quality with very little tuning. It was not attempted to do a formal quantification of the model discrepancies between the nonlinear model and its linearization, although this could definitely be done without larger challenges. However, in the authors' opinion, a full industrial solution to the problem at hand should be based on a gainscheduling approach, where the scheduling grid could always be chosen to circumvent false alarms caused by linearization errors. The nonlinear model is based on standard assumptions, which in addition to the specific verifications done in the present projects have been reported to lead to high-fidelity models for systems of this type in several other studies.
With the consideration of the fault isolation issue in the different run time faults. It can be concluded that the fault isolation between the pump delivery pressure decreasing fault and air cooled heat exchanger cooling effect decreasing fault can be fulfilled. However, due to the current hardware constraints of the test setup, it is not possible to isolate between pump delivery pressure decreasing fault and pipe clogging fault.
V. CONCLUSION AND FUTURE WORKS
A. Conclusion
In this paper an observer-based method for detection and isolation of faults in a liquid cooled wind turbine frequency converter is presented. The variables for monitoring the power module cooling system in the liquid cooled frequency converter are the temperatures of phase modules, the temperature of power module inlet water and the temperature of power module outlet water. The existing control system in the liquid cooled frequency converter provides a measurement of these variables in order to supervise the state of the cooling system. However, the measurement of these temperatures are significantly affected by the unknown disturbances, such as ambient temperature inside of wind turbine and measurement noise. This paper suggests a method where these variables are estimated by using an optimal unknown input observer based on simple energy balance model of the cooling system in the liquid cooled frequency converter. Moreover, a fault residual evaluation scheme by using CUSUM algorithm is suggested. The designed observer is applied to start up faults and run time faults situations on test setup where faults can occur in the same situation in the wind turbine. From the experiments it can be concluded that the fault can be detected as soon as it emerges.
B. Future Works
In order to investigate the advantages and disadvantages of the proposed model-based fault detection strategy in the present research work, a nonlinear fault detection scheme will be considered in the future. The possible nonlinear fault detection schemes can be e.g. high-gain observer which was illustrated in [41] and geometric approach method which was presented in [42] . In addition, in order to accommodate different faults that have been found by the proposed FDI scheme in the current research work, a fault accommodation scheme will be considered in the future work.
APPENDIX
Computational Procedure for Optimal Unknown Input Observer Algorithm and Covariance Matrices A necessary and sufficient condition for the existing of a solution to the given observer problem given in [25] is stated as: an optimal unknown input observer solution exists if and only if: rank(E n ) = rank(C n+1 E n ).
The computation of algorithm and the matrices in the observer are also given in [25] as 1) Set initial values: P 0 = P(0), z 0 = x 0 − C 0 E 0 (C 0 E 0 ) + y 0 ,
T n (C n P n C T n + R n ) −1 , and 
7) Set n = n + 1 and jump to step 2
